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Awareness of green solutions to powered flight is a new trend taking the Aerospace Industry by storm. One
particular application that shows high promise is that of photovoltaics on small UAV-type aircraft to help
extend flight time. The purpose of this report is to document both research and experimentation performed
on a small RC aircraft in order to better understand the electrical requirements of such a device. Using that
research, speculation on how it can be used to design a mobile Aerial Deployable Autonomous Solar Powered
Glider will be performed. Technologies such as CIGS solar cells and Lithium Polymer batteries showed
potential as light-weight, high-efficiency sources of power and energy for our system. A theoretical power
output of 66.7 W could be produced if the entire .356 m2 surface of the RC aircraft was covered in CIGS solar
cells. As far as experimentation is concerned, it was found that a modest system current of 550 mA and
voltage 5.4 V were required to run the RC aircraft servos and receiver at max conditions, using a set of four
Ni-Cd batteries. At this current, the glider can last one hour (with margin) using 600mAh Li-Po batteries at
that critical 550 mA current. A system power rating of 2.97 W was identified in the RC aircraft, compared to
the 39.15 W generated by the solar panels experimented on separately. This led research to focus on the
charging requirements as a driver for design rather than the power consumption of the servos. Further
research showed that an average voltage of 12V is used for charging most hand-held devices. Ultimately,
design created an aircraft that would operate at 14.8V (the voltage of four combined Li-Po batteries in series),
being charged by CIGS solar cells.
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actual maximum power available from each solar cell (watts)
max power point tracker
nickel cadmium
naval post-graduate school
power output by battery (watts)
power in (watts)
power out (watts)
battery recharge coefficient
maximum power (watts)
power of a single solar cell (watts)
battery internal resistance (ohms)
remote control
solar flux (watts per meter squared)
state of charge (percent)
time when battery is fully discharged (hours)
time of flight desired for aircraft with no solar energy provided (hours)
total cost of entire solar array (dollars)
thin film photovoltaic
total power available to be collected by flying wing (watts)
total power supplied to motor by solar array (watts)
unmanned air vehicle
unit cost (dollars)
voltage (volts)
voltage across battery (volts)
open circuit voltage (volts)
width (inches)
Watt-hours
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I. Introduction
There has emerged a recent urgency for the Aerospace industry to find more sustainable solutions to existing
technologies. Burning jet fuel is one of the many contributors to carbon dioxide emissions (amongst others). A bulk
of our research was dedicated to evaluating the potential of solar power as an alternative power source. Through
this research - as well as some initial design – it was decided to augment an RC model aircraft to harness solar
power in conjunction with its standard battery system. In particular, the power system of a flying wing RC aircraft
glider will be used, in addition to testing separate solar panels. The future potential of such technology will be
speculated through research and ongoing industry projects relevant to the field.
The project will involve the design and construction of an Aerial Deployable Autonomous Solar Powered
Glider. The glider is designed to be released via cargo planes where they will autonomously glide to locations
where deployed soldiers are stationed via an on-board GPS system. Although no detail will be included about how
the GPS system would work – as it is outside the scope of this report – it is acknowledged that there are sufficient
programs that could do this existing in other UAV drones. ADASPG then will be a mobile charging station both
using the power of the solar panels as well as the energy of the on-board Lithium batteries. Without access to such
an advanced system, nor the funds to purchase one, analysis will be performed on a pre-purchased flying-wing type
RC aircraft. The plane’s circuit will be characterized, as well as all of the technologies involved therein. Emphasis
will be placed on the electronic requirements involved in the integration of solar panels to the existing circuit of the
RC Aircraft to better understand the requirements that would be placed on our potential ADASPG aircraft. Please
refer to Figs. 1 and 2 to see the profile of the plane being used.

Figure 1 – RC Aircraft Top View

Figure 2 – RC Aircraft Side View

The following objectives are to be answered at the conclusion of this study:
-

Identification of ADASPG goals

-

Understand the technology required to accomplish those goals

-

Characterization of the RC aircraft in possession
o

Characterize battery

o

Characterize servos

-

Characterization of experimental solar panels

-

How ADASPG will accomplish goals based on RC aircraft experimentation and technology research
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II. Research
A. Projects
Having little knowledge about UAVs or the technologies required to power such aircraft, it was decided to look
up past projects that are similar in scope. In particular, Raven and Predator drones were observed, as well as some
reports by NPS graduate students performed specifically on solar powered RC aircraft.

1.

Predator

The RQ-1 Predator is a long range, medium altitude unmanned aircraft designed for surveillance and
reconnaissance missions (See Fig. 3). Surveillance imagery from radar, video cameras and infrared can be obtained
in real time to both soldiers and commanders via satellite. The first predator system flew in 1994 and production
began in 1997. A typical Predator system configuration includes four aircraft, one ground control system and one
data distribution terminal. The vehicle is 27 feet in length with a 49 foot wingspan. The UAV operates at 25,000 feet
with a flight time of more than 40 hours at a cruising velocity of over 70 knots. This particular UAV does show the
effectiveness of UAV technology, however, is admittedly run on liquid fuel as opposed to electronic power (hence
its long 40 hour flight capability).

Figure 3 – Predator Drone

1

The system has a payload capacity of 450 pounds and is equipped with infrared real time vision. It also is
equipped with laser designation capabilities. It is able to operate during all weather conditions and can be equipped
with two laser guided hellfire anti-armor missiles. However, its weapons capabilities can also be refitted with other
more specific pieces of equipment better suited for the operation such as electronics support and countermeasures or
a moving target indicator.
The control station is a 30 foot trainer that contains the pilot and payload operator controls, three data
exploitation and mission planning consoles and two radar workstations in conjunction with satellite and line of sight
ground terminals. The ground station can send imagery data captured by the UAV via landline to the operational
users. All video signals can also be uploaded to satellite for worldwide distribution.
The predator drone follows a conventional launch sequence from a semi-prepared surface under direct line of
sight controls. The take-off and landing length is generally 2,000 feet long. The mission can be controlled through
1
line of sight or satellite links producing constant video feed .
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2.

Raven

The RQ-11 Raven UAV that is currently being deployed on the battlefield has a weight of 4.5 pounds, a five foot
wingspan, and a length of 38 inches (please see Fig. 4). It has a flying speed of anywhere between 28 to 60 miles per
hour at an operating altitude of between 100 and 1,000 feet. The Raven provides field commanders with live video
feed that previously was not available to anyone that was not in the higher levels of command. Before the advent of
the Raven, traditional UAV technology required a large runway and highly skilled technicians and operators. The
Raven allows for faster intelligence gathering for smaller task forces that would otherwise be competing with the
2
entirety of the mission for information from the larger command UAV .

Figure 4 – Raven Drone
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The Raven can be carried in three small cases that can be carried easily by a crew and is able to be operated
whenever necessary. The Raven has three different cameras that can be attached to the nose of the aircraft. There is
an infrared camera as well as an optical camera as well as a side mounted infrared camera. The attached cameras
lack the ability to zoom as well as lock on to a target, however, the resolution is strong enough to display a
combatant holding a weapon. It has a flight time of between 45 to 60 minutes and comes with spare batteries and a
2
charger capable of hooking up to a Humvee .
It is capable of being launched within minutes by hand (similar to a model airplane) and has its own auto pilot
landing capabilities that cause it to hover over ground and land safely without landing gear. The Raven is also
equipped with GPS capabilities making it simple to deploy with little training, and has the ability to land at its take
off position with the simple press of a button. A single Raven has a price tag of around $35,000 and the entire
4
system has a cost of roughly $250,000 .
3.

Coba / Chin (NPS)

Various thesis reports from the NPS have shown how solar power can be a useful resource for extending the
range of UAV type devices. Research was conducted on many military grade devices such as the predator and raven
drones. Numerous technology sources for solar panels and batteries were also looked into. Their conclusion was
that CIGS solar cells provided a modest 13% efficiency while being flexible enough to be used on the swept surface
of an airplane wing. The efficiency rating is still far from the highest levels currently available, but the flexibility
that the CIGS offer to whichever device they are applied to has external values that come with a less rigid design.
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In order to properly control the current coming from the solar cells into the attached battery it was determined
necessary to employ a DC/DC converter as well as an MPPT in order to get the most out of the energy being
collected from the solar cells. The DC/DC converter functions by regulating the voltage at a specific level rather
than the continuously varying voltage being collected by the solar cells. This allows for the electrical processes that
are connected to the solar cells to work properly. The Maximum Power Point Tracker works in order to pin-point the
perfect current and voltage in order to produce the maximum amount of power that is available at each moment in
5
time from the solar cells .

B. Technology
1.

Solar Panels

The main green source of energy that we wish to examine is that of solar cell technology. It is a fast growing
industry and uses a fuel source that is abundant and relatively untapped. According to Coba’s report, there is a
theoretical 1000 W/m2 amount of solar flux at the earth’s surface to take advantage of. Since solar energy also does
5
not produce any amount of harmful byproducts, it is ideal to use on our aircraft .
CIGS lack the efficiency of Silicon solar cells, but are much cheaper as a result of their reduced material cost
and manufacturing costs (See Fig. 5). Silicon solar cells require a very thick layer of crystalline Silicon in order to
absorb solar radiation, while CIGS vary in terms of thickness of material. Most CIGS solar cells involve a general
structure that involves a window layer on the top of the cell, with the absorbing CIGS material beneath. Under the
CIGS layer is a back contact generally composed of Molybdenum, with a final glass layer on the bottom.

Figure 5 – CIGS Solar Cell Array

5

Figure 6 – CIGS Solar Cell Composition

5

The structure of the cell itself includes a Nickel Aluminum contacts with several layers of semiconductor
material and protective coating (see Fig. 6). In particular, the p-type semiconductor level composed of Copper
5
Indium Gallium diSellenide is the layer by which the solar cell is characterized .
Oxygen and Temperature play a major role in the degradation of CIGS cells. Oxygen’s presence affects cells by
weakening its ability to diffuse electrons freely within the cell. Temperatures above ninety degrees Celsius have
5
been found to also cause degradation in CIGS cells .
2.

Batteries

An essential component of our system is the selection of what battery will be used to power the system. There
are many different choices, all with different pros and cons. However, it will be particularly important to harness a
battery that has a high capacity and high specific energy. This helps to prolong how long it can charge other
equipment during night and how light the battery will be overall.
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Lithium-Ion batteries are sought after because of their high energy densities and low maintenance required.
Lithium-Ion batteries have twice the energy density of traditional Nickel Cadmium (NI-Cd) batteries. Ni-Cd
batteries have a cycle memory that allow it to remember how much energy was taken from it before being
discharged and this causes them to run into problems. Lithium-Ion batteries do not suffer from this limitation.
Lithium-Ion batteries will discharge slowly on their own when not being used or are being stored. A limitation of
Lithium-Ion batteries, however, is that they require protection in order to limit their peak voltages while charging
and protection from voltages dropping too low during discharging. Nominal cell voltage for Li-Ion batteries is 3.63.7V with 100-250 Wh/kg. Nominal cell voltage for Ni-Cd batteries is 1.2V with a specific energy of 40-60 Wh/kg.
Lithium Polymer batteries, as seen in Fig. 7, have a unique advantage in the battery world; they are able to be
manufactured in any desired shape. Lithium Polymer batteries also are very good at holding their charge, and are
able to go for one to two months without losing a large amount of their charge. The battery type has a few
disadvantages, including its ability to cause a fire if the battery is exposed to air in the event of a puncture in the
outer layer. The individual cells of the battery must also be evenly charged, and because of this special chargers
must be used. Lithium Polymer batteries also cannot be deep discharged and in the event of deep discharge the
battery will be damaged and unable to be charged to normal capacity. Even during discharge the cells of the battery
pack must be discharged evenly. Nominal cell voltage is 3.7V with a specific energy of 130-200 Wh/kg. This type
of solar cell seems ideal for our project due to its high specific energy (and therefore low weight), and the ability to
6
be manufactured in any shape will help our aircraft keep flight equilibrium .

Figure 7 – Lithium Polymer Battery

7

Specific energy is crucial for the batteries we will be using on this aircraft. The ability to discharge for long
amounts of time without any source of solar charging - as well as being as light as possible - are both important to
our mission success. Below is a projected chart for specific energy improvement on Lithium batteries, extrapolated
to year 2016 (Fig. 8).
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Figure 8 - Highest Energy Density Extrapolation for Lithium batteries for year 2016.
8

Courtesy Aerospace Grad Design Lab, Voltaire’s BLITZ

Fig. 8 shows promise for batteries to improve to specific energies as high as 300 Wh/kg by 2016. Since the
mission depends on deploying light-weight and long-discharge (high capacity) batteries, the usefulness of a charging
station only goes up if it can continue to charge equipment even when sun is not available. For example, if a 300
Wh/kg Li-Po battery pack of four is used, versus the current 60 Wh/kg Ni-Cd batteries, overall battery mass can be
reduced by 80% by the year 2016, while still maintaining the same amount of energy storage. Then, the choice
between Li-Po and Li-Ion simply falls to the fact that Li-Po can take on any variety of shapes or sizes, making them
convenient for a custom-built aircraft.
3.

Servos

In order to control the flight of the RC glider, a set of RC servos are installed inside the plane’s structure to
allow for the operator to control the movement of the control surfaces, which in turn steers the plane. An example is
shown in Fig. 9. The standard RC motor servo runs at 4.8V, however, 6V and 12V variations do exist. Servo motors
more commonly only rotate between 90 and 180 degrees, however, some are capable of full 360 degree rotation. An
RC servo contains a motor, gearbox, feedback device, servo control circuitry and a drive circuit, which are all
generally housed within a box for simple commercial sale. The power required by servos is determined by the load
exerted upon the servo motors. Each time the control surface changes angles, the action requires a different amount
of power. The total amount of times during flight that the servo motors are instructed to move by the operator also
puts a demand on power from the batteries. A servo is controlled by three different wires, ground, power and control.
9
There are two different types of servos, an analog servo and a digital servo .

Figure 9 – Hitec HS-322HD Servo

10
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Analog servos function by turning voltage signals on and off through electrical pulses. The voltage will remain
constant, but the on-off frequency has been standardized to be 50 cycles per second. The longer the pulses are, the
faster the motor turns and the more torque that is produced. Typically every 20 milliseconds the servo moves based
on pulses sent by throughout the wires that govern the correct angle the control surfaces need to be at. Different
pulse lengths correspond to different control surface angles. The problem with analog servos is that they do not react
quickly or produce much torque when given small movement commands or when outside forces are forcing them off
11
of their held position. This area of weak response and torque is referred to as the “deadband.”
Digital servos have all of the same hardware as their analog counter-part, the difference is in how the pulses are
relayed to the servo motor. A small microprocessor is also inside the servo, which allows for higher frequency
voltage pulses, and therefore higher possible pulses of upwards of 300 pulses per second as opposed to just 50
pulses per second of an analog servo. Higher pulses per second provides the servo with a faster reaction speed and
stronger constant torque throughout operation. Digital servos, however, are very power hungry in comparison to an
analog servo. The power drain is not much in comparison though with how much energy is stored in today’s battery
11
packs.
4.

DC/DC Converter

Typical DC/DC converters fall into three categories: buck, boost, or buck-boost, where buck and boost are
referring to lowering or increasing input voltage respectively. An example is shown in Fig. 10. These devices are
used in many common electrical equipment such as a laptop or cell phone. The purpose of the device is to input a
given voltage and output another desired voltage. This applies to solar panel technology particularly because of the
minimum voltage required to charge a battery at any given time. The output voltage must maintain about 15%
higher voltage than the battery voltage itself, and will not charge otherwise. This is difficult to perform without the
use of a DC/DC converter since the output voltage of a solar cell is not constant but tends to vary. Clouds,
atmospheric conditions, shadows, and temperature are few of many factors in solar cell efficiency. A DC/DC
converter takes this varying voltage and will maintain it at the desired voltage to charge the batteries, at the cost of
current to boost the voltage. Therefore, an MPPT is implemented to ensure that the maximum amount of power is
5
being siphoned from the solar cells at any given time .

Figure 10 – SPV1020 DC/DC Converter

5

Fig. 11 shows a voltage versus current plot for a DC/DC converter SPV1020 used on the UAV produced by
Chin. The purpose of this MPPT is to maximize power by identifying the higher current times voltage point that the
circuit can be operating at.
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5

Figure 11 – Voltage vs. Current Plot for MPPT Max Power Point

5.

Landing Mechanism

The RC aircraft that was tested lands by either being caught by ground personnel or simply by landing in
what would be considered a controlled crash landing. For a future aircraft, this design would be altered so that it can
neither be assumed that the ground personnel would be able to catch the device nor that suitable conditions would
exist to catch the device. Assuming onboard GPS equipment could get the aircraft within reasonable distance of its
target destination, design must rely on a more creative method of protecting the integrity of the aircraft during
landing. Current solutions have been limited down to high frequency shock absorbing mounts for the electronics as
well as a protective detachable plastic sheet for the bottom of the plane. The mounts protect the equipment from the
shock of impact landing while the sheeting prevents scratching from rocks and debris to affect solar panel efficiency.
The exact materials and set-up would require more time and research to develop and are outside the scope of this
report.

III. Analysis
A. Theory
1.

Solar Panel Power

According to a thesis on UAV’s performed by the Naval Post-Graduate School, it can be observed that 1,000
W/m2 solar flux reaches the Earth’s surface. This will be used as a worst case value of solar flux for all calculations
to follow. In order to determine which solar panels would be chosen for implementation, a series of calculations
were conducted to determine solar cell specifications. First, a total available solar flux has to be assumed before
beginning any calculations. Then, the total surface area required to be covered with solar panels is determined to be
the complete surface area of the flyer which was determined to be 0.356 square meters.
A total triangular area of the wing was determined to be 108 square inches. The total rectangular area was
calculated to be 720 square inches. Therefore, the total area of the wing was found to be 504 square inches, or 0.356
square meters.
The total area of the solar panel is incredibly variable and can be anywhere from a few square inches to square
meters in size. Due to the variable nature of the size of each individual solar panel the total number of panels
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required to cover the entire surface is also variable. For example the experimental solar array used during testing has
a surface area of 0.4166 square meters, which is more than the available area of the wing. Therefore only 0.855 or
85% of the solar panel can be used to cover the wing (found by dividing total area of wing by total area of solar
panel).
The total cost of the entire solar array of panels is also variable based upon both the cost of each panel, as well
as the total number of panels required to cover the surface. Again, using the experimental solar panels, there would
be a total cost of $251 which is the cost of one single solar panel which would then need to be carefully cut in order
to fit the wing.
The current and voltage of all solar panels is highly variable as well depending on which model is being used.
For the experimental solar panels, the current when rated at maximum power is 5.8 Amperes and 13.3 Volts was
determined for the voltage at maximum power. Therefore, the maximum power generated by the individual solar
panel can be found to be 78.3 Watts. The solar panel’s efficiency was then determined to be 0.18 or 18% efficient at
converting solar energy into electrical energy.
For the experimental solar panel, there is only a single panel operating at 66.69 Watts, therefore it is capable of
supplying 66.69 Watts of power to the electrical circuit. Please refer to the appendix to view the actual calculation
of these values [containing Eqns. (1)-(12)].
Should CIGS cells be chosen for use, a solar cell area covering an entire side of the aircraft, using CIGS solar
cells of 13% efficiency, 46.28 Watts of power could be supplied. This was calculated using a wing surface area of
.356 m2, the solar flux of 1000 W/m2, and efficiency of .13. The completion of these calculations is identical to the
calculation methods of the experimental solar panel trainer. No assumptions were made for other losses of
efficiency, although further testing would be required to take other factors into account.
2.

Ideal Battery Capacity and Discharge

The battery selection was ultimately based on floor requirements that the battery must meet in order to satisfy
our system. Lithium Polymer was the type of battery selected due to its particularly high energy density (and
therefore lowest mass required). The ideal requirement is that it must maintain at least 12V at all times. In addition,
assuming having no solar supply, the plane must last at least 1 hour in flight. The wattage requirement was then
calculated via Eqns. (13) and (14).

+, - ./0 1 !"#



./0 -  1 (

(13)
(14)

In addition, information acquired from a Sanyo data sheet for a particular Ni-Cd battery can be found in the
appendix. In order to further characterize the particular batteries found within the system, it was decided to
construct additional plots characterizing the battery’s SOC. The GetData Graph Digitizer was used to retrieve plot
data from the Sanyo data plot without access to a table of actual values. This was then reconstructed on Excel with
fairly strong accuracy12.
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Figure 12 – Sanyo Cell Discharge Rate per Current

##

Figure 13 – Digitized Discharge Rate per Current

The above given plots display information as discharge time versus cell voltage (Figs. 12 and 13). However, it
is useful to know the voltage as a function of SOC, or the percent of battery remaining. This is similar to what the
small battery symbol would indicate as battery remaining for many small devices (i.e. cell phone, laptop, etc). This
was performed via the following Eqn. (15):
, -  1 

(15)

To accurately characterize a battery’s capacitance, the discharge rate must be very close to zero, i.e. a slow
discharge. However, due to the discrete nature of the currents given, the lowest current of 60mA was used to
calculate Cmax [Eqn. (16)].
23 -

4567,89:6; <567,6=>?6; @
567,89:6;

The following plot (Fig. 14) was produced using the above equation.

Figure 14 – Discharge Rate as a SOC
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(16)

This plot is interesting and should be analyzed before these calculations are continued. At lower currents, the
battery initially begins at an ideal 1.3 V per cell. This quickly drops to a more nominal value of 1 V and maintained
till about 10%. Upon reaching that value, the voltage exponentially drops to zero. Further analysis should be
performed to discover why this phenomenon occurs.
Using Fig. 14, it was sought to discover what was happening from 40% SOC and below. Since the
manufacturer provided data on only three discrete currents, it was difficult to distinguish the differences between the
plots at other SOCs. The 40% and below region seemed to be where the different currents diverged the most, and
would provide us with relevant data. The following Eqn. 17 was used as part of the definition of characterizing a
battery:
( - (A B  1 



(17)

The above equation holds for any given SOC. Therefore, we recorded the voltage and current for a constant
SOC. The resulting I versus V plots were created and had a linear fit established. The y-intercept was defined as
(A and the slop would be the   of the battery. The following plots were populated (Figs. 15, 16).

Figure 15 – Open Circuit Voltage vs. SOC

Figure 16 – Internal Resistance vs. SOC

These two plots contain important information that characterizes the Ni-Cd battery. The internal resistance of
the battery is exponentially increasing as the SOC decreases. This is valuable information as not only is the
resistance of the battery at any given SOC known, but also it shows theory on why a battery stops producing current
as it is discharged. After a battery reaches 10% SOC, the internal resistance begins spiking until there is so much
resistance there is no noticeable current. Also, interestingly, the Voc increases as SOC decreases. This is not what
was expected, and this trend is attributed to the fact that only three observed currents were given by Sanyo, with no
extreme high or low currents to help characterize more accurately.
Finally, another interesting specification for the battery is knowledge of how much power is available for any
given SOC. This was achieved by simply using the definition of power Eqn. 18:
 - ( 1 
Using equation 14, the following plot is produced (Fig. 17):
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(18)

Figure 17 – Power Consumption per Current Level

The available power is largely dependent on the current the battery in drawing. This is true as the battery will
discharge much more quickly as a function of time because this power is so high.
3.

Ideal Servo Characterization

The Servo system that is onboard the test aircraft is a combination of two HS-322HD Servos that are capable
independently of powering RC aircraft of up to either 72” or 12 pounds. This series of servo motors falls under the
analog classification of servo motors and will respond based upon the pulse length that is being sent to it. When
given small angles or external forces its torque may fail to respond at its full capabilities. Small angles are also
10
slower to respond to than sharper more distinct angles . Each servo comes equipped with Hitech’s Karbonite™
gear train that is up to four times the strength of traditional white nylon gears. The Karbonite™ system is a
composite material that has been designed to eliminate lash and slop of servos. The gear train is less likely to strip
under shocks and loads that will commonly break standard nylon gears. According to advertising they will have
virtually no wear of the gears after 250,000 cycles. The “HD” portion of the model name indicates “Heavy Duty”
13
due to the presence of the Karbonite™ composite material .
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Table 1 – HS-322HD Servo Specs

Motor Type:

3 Pole

Bearing Type:

Nylon

Speed (4.8V/6.0V):

0.19 / 0.15 sec @ 60 deg.

Torque oz./in. (4.8V/6.0V):

42 / 51

Torque kg./cm. (4.8V/6.0V):

3.0 / 3.7

Size in Inches:

1.57 x 0.78 x 1.43

Size in Millimeters:

39.88 x 19.81 x 36.32

Weight ounces:

1.51

Weight grams:

42.81

The HS-322HD servo has a range of 4.8V to 6V operation with a speed of 0.19 seconds for a 60 degree shift at
4.8V and 0.15 seconds for a 60 degree shift at 6V operation. Its torque at 4.8V is 42 ounces per inch or 3 kilograms
per centimeter. During 6V operation its torque is 51 ounces per inch or 3.7 kilograms per centimeter. Each servo has
a size of 1.57 x 0.78 x 1.43 inches or 39.88 x 19.81 x 36.32 millimeters with a mass of 1.51 ounces or 42.81
10
grams.
4.

Circuit Design

In order to discover how the RC aircraft was internally wired, the bottom side of the flying wing was torn open.
Please refer to Fig. 18 to see what was found.

Figure 18 – Underside of RC Aircraft Showing Internal Components
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Notes on the various components seen were taken and used to construct the circuit within the plane. The
following is a sketch of the electrical circuit as well as a list of all components therein as well as a BOM (Fig. 19).

Figure 19 – BOM and Circuit Composition for RC Aircraft

B. Experimental
1.

Solar Panel Power Profile

In order to achieve hands-on solar panel data, the “Solar Photovoltaic Trainer” that is available at Cal Poly San
Luis Obispo was utilized (See Figs. 20, 21). The trainer features a Kyocera Polycrystalline Solar Cell array and at
standard atmospheric conditions it is rated to have a maximum power rating of 54Watts at a voltage of 21.7V with
3.31A current. The entire solar array has a mass of 10 kilograms, and features two solar panels of the same model. A
Solar Charge Controller is connected to the solar array in order to monitor the current and voltage being sent through
the system from the solar cells. An inverter is also connected in order to allow for the connection of everyday items,
such as a lamp. When connected to the system the inverter demonstrates the ability of the panels to power such a
device using solar energy as well as charge the car battery beneath the system.
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Figure 20 – Cal Poly Solar Array Layout Visual

Figure 21 – Back Side of Cal Poly Solar Array Set-up

A test was conducted at 10:42 AM on February 22, 2012 in order to observe the difference in power being
generated at different angles of the solar array compared to an angle normal to the ground beneath the system. The
pre-existing solar power trainer already maintained by Cal Poly San Luis Obispo was used as can be viewed in
Figures 20 and 21. Angles pointing nearly parallel to the surface displayed much lower power values compared to
those pointing more directly towards the sun as can be viewed in Table 2.
Table 2 – Solar Cell Experimental Values

Angle of Solar Array
(Degrees away from
the horizontal)

Current (A)

Power
(V*I)
(W)

Voltage (V)

10 to 15

4.2

13

54.6

10 to 15
15 to 20

4.3

13.1

56.33

5

13.3

66.5

20 to 25

5.3

13.3

70.49

25 to 30

5.8

13.5

78.3

30 to 35

5.1

13.2

67.32

40 to 45

5.1

13.2

67.32

It appears, based upon these results, that the manufacturer Kyocera rates their systems based upon the worst
case scenario of solar radiance assuming the panels are at worst case perpendicular to the sun and not facing away.
A theoretical 13%-14% efficiency was discovered from the Kyocera Model KC50T data sheet provided in the
appendix under STC. Each of the two solar panels has dimensions of 639mm X 652mm x 54mm indicating a total
surface area of roughly 0.4166m2. Thereby indicating the maximum theoretical solar energy capable of being
collected is 54.16W per Kyocera Solar Panel. Therefore, both panels combined provide 105 W theoretically. The
result provided 78.3W as our maximum voltage, having an overall efficiency loss of 25%. This can be attributed to
atmospheric effects, temperature, dust, discrete angle testing, and other factors.
The solar trainer is designed to be novice friendly and has many ports available to facilitate much simpler
methods in order to measure the currents and voltages at specific points in the circuit compared to simply tearing
into an already existing circuit. This allows for a more efficient circuit to be repeatedly analyzed because of the
absence of repeated solder applications that would increase the internal resistance of the system.
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2.

Circuit Power Characterization

Another important aspect of experimentation on the RC aircraft was to characterize the Ni-Cd batteries
contained within. This is particularly important due to the fact that they have been run for an amount of cycles
throughout their lifetime; a number that is unknown.
The experiment began by cutting both the positive and negative between the battery and the receiver. This
intercepted all current flowing between those two components. The battery positive lead was connected to the
ammeter positive (Fluke 8050A Digital Multimeter), and then connected the receiver to the ammeter negative. This
effectively connected the ammeter in series in-between the battery and receiver. The two negative leads that were
cut were clamped together, as the current passing through them should be identical to what was already tested. In
addition, it was desired to identify the innate voltage of the batteries, as well as the charge voltage sent by the
receiver. To identify these values, the leads of the voltmeter were placed (Craftsman 82312 Multimeter) on the
battery positive and negative nodes. This was duplicated at the nodes of the charger while it was plugged into a
standard wall outlet. The pre-experiment set-up can be seen in Fig. 22.

Figure 22 – Pre-Receiver Voltage and Current Measurement Set-up

Now that the set-up required to test our battery is ready, the procedure was stepped through as follows:
1)
2)
3)
4)
5)
6)
7)
8)

Turn on both multimeters, check for zero values (control)
Flip RC aircraft switch to “on”
Record voltage and current baseline (no operations)
Move flaps to one-quarter deflection, record values
Move flaps to one-half deflection, record values
Move flaps to three-quarters deflection, record values
Move flaps to maximum deflection, record values
Repeat the above for turning (single flap deflection) operations

After all values were recorded, the following was produced.
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Figure 23 – Angle Deflection vs. Current for One Flap and Two Flap Deflections

With respect to voltage, all deflections read a nominal 5.4V, with a small amount of error involved that can be
attributed to noise and the battery draining during experimentation. A highest power of 2.97 W can be observed as
well. The deflection profile for current, however, created an interested “exponential” correlation between deflection
and current. Currents as high and half of an Ampere were recorded during max one-flap
flap deflection. It was
anticipated that higher deflections would draw more current; however, it was interesting that single flap deflection
drew three times more current than double. Upon further investigation, it was found that this higher current was due
to the servo physically bending the metal used to connect the servo the flaps. Since only one servo actuated during
this run of experimentation, the servo had more power dedicated to it alone and therefore deflected further. This
addition deflection was enough to bend the tie to the fl
flap,
ap, therefore causing the servo to resist this strain energy.
The following figure shows this deflection.
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Figure 24 – Experimental Set-up Showing Single Flap Wire Deflection

It was also found that the Fig. 23 values only held true during the transient times, or when the flaps were
moving as the result of a command. Otherwise the baseline current would be given. The only case this was not true
for was when the single flap test actually bent the metal connection. This led to a realization that this experimental
set-up is not ideal. Since there is only a demand on the servo to actuate when it is moving, the steady state situations
put nearly no resistance on the servo motor. However, during flight, the wind force would constantly be attempting
to move the flaps, causing the motor to consume power attempting to maintain position. This is why the single flap
maximum deflection would maintain the 550 mA current – because there was a force being constantly applied to the
motor. This further led to investigation on this phenomenon by replicating the maximum deflection scenario while
applying weight to the flaps. It was apparent that 550 mA was the average maximum current the system would draw
during operation. Therefore, the operational assumption will be that while operating, our aircraft is required to draw
the maximum current (550mA) at all times.
3.

Post-Receiver Power Characterization

The previous section was an experiment to determine the current and voltage of the entire system during
different operational requirements. The same experiment was replicated, however, at a different place in the circuit
so it may sample the servo power consumption. Now, rather than testing the node between the battery and the
receiver, one of the sets of wires between the receiver and a servo were cut. Three wires that were cut were
identified as the negative (black), positive (red), and signal (yellow). The signal and negative wires were
reconnected, leaving the positive lead to be inserted into the ammeter. The voltage was also measured between the
now-exposed positive and negative wires. The set-up can be seen as follows in Fig. 25.
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Figure 25 – Post Receiever Experimental Set-up

After set-up
up was complete, the same procedure found in the previous section was repeated.
repeated That yielded the
following results in Fig. 26.

Figure 26 – Post Receiver Angle Deflection vs. Current for Single and Two Flap Deflection

Although slightly lower
er in value, the currents seem similar to those found in the previous experiment. A
difference of 100 mA at maximum, or a lower power of 2.43 W, was observed during this test. This seems to
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indicate a consumption of .54 W by the receiver. Therefore, the receiver’s consumption of power was relatively low
when compared to that of the servos, which can be assumed to be the remaining 2.43 W. Similar results were found
in terms of voltage, where a nominal 5.4V was observed for both experiments.

IV. Conclusion

A. Research and Experimentation
Much useful information has been gained through the analysis and research in this report. It was found that
CIGS solar cells offer a flexible, medium efficiency surface that could provide the 12V required to charge various
pieces of ground equipment. Experimentation revealed a 13% efficient cell will receive an average of 75% of this
ideal power due to losses in other efficiencies such as incidence angle, temperature, and shadowing effects. This,
coupled with a Lithium Polymer type battery set of 4 (14.8V total), could continuously charge even into night. This
battery, having a capacitance of 600mAh, could handle a 1 hour flight time with continuous maximum current of
550mA with a modest margin. In addition, analysis performed on the Sanyo data sheet seen in the appendix shows a
nominal operating voltage of 1V can be sustained for 80% of the battery life for Ni-Cd batteries. Within the 5%
SOC region, resistance of the battery approaches infinity and causes the nominal voltage to drop dramatically.
Using standard GPS technology already available and coupled with a protective landing mechanism, ADASPG can
be deployed from cargo planes to their destinations with ease. Additional experimentation proved that 2.97 W were
consumed by the entire circuit at maximum operating conditions, which are easily maintained by the theoretical 66.7
W inputted by the CIGS solar cells. Fig. 27 shows a mock-up of our designed aircraft in operation if it were to reach
critical design phases.

Figure 27 – ADASPG Theoretical Deployment Flight

Overall, this project was a characterization of the electrical components found within an RC aircraft in order to
design the ADASPG. It was found that the solar panels could easily handle constant servo operations and charge the
batteries, which could handle flight of one hour without any charging at all. The research and experimentation
helped gain understanding for the requirements of the on-board equipment so that planning can be done on the
demand during flight in night or day. Given more time and materials to test, speculation would begin on how to
design a circuit for our theoretical ADASPG aircraft. The following materials and circuit were chosen based on the
information generated throughout this report (seen in Fig. 28).
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Figure 28 – Ideal Components and Circuitry for ADASPG

Given more time and resources, the design would have matured to using theoretical components. As compared
to the glider that was using Ni-Cd; the new system would provide more power to charging devices as well as hold
more energy to be delivered. More time could be spent considering the detailed construction and assembly of such a
device, as well as methods of deployment. The next step of design would include adding solar panels to the bottom
of the aircraft as well. This would lead to a necessity to open a latch that, when disengaged, would allow both solar
surfaces to face up through a “flowering” action. A hinge could achieve this opening motion. This would
effectively double the theoretical power output from 66.7 W to 133.4 W, halving the time in which it will take to
charge equipment.

B. Further Speculation
Not only does this solar technology offer a boost to flight-time of gliders and help charge ground equipment,
but also it shows potential to larger scale aircraft. This section will briefly detail two aircraft that were examined to
show the potential of the technology in this very different area of aircraft flight.
In particular, an aircraft called The Solar Impulse was built by Bertrand Piccard and André Borschberg to fly a
person around the world without using a source of fuel (see Fig. 29). It is the first solar powered aircraft to
accomplish this, and did so in about 26 hours. It resembles a standard propeller driven CESNA type aircraft,
however, with a much larger wing span (63.4 meters) and smaller fuselage. Four 10HP engines propel the aircraft,
being capable of flying around the world at speeds up to 70 km/h. It utilized cells with 12% efficiency to power its
14
newly developed Lithium-Polymer batteries .
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Figure 29 – Solar Impulse

14

The Helios was built by NASA to fly at near-space altitudes to monitor the atmosphere (see Fig. 31). It is
essentially a flying wing type aircraft. This maximized the aspect ratio (31 to 1) while simultaneously minimizing
weight. However, this aircraft was designed for research performed at 100,000 ft., which also explains the efficient
use of solar. Efficiencies of up to 19% were achieved on this aircraft showing a high ceiling for the types of solar
15
cells that can be used on potential aircraft .

Figure 30 – NASA Helios

15

Photovoltaics are useful in not only extending the flight time of a UAV-type aircraft, but also powering
equipment that may not even be designed to harness solar power. It also can be used on larger scale projects,
vehicle that sample the atmosphere or even fly people around the world. The uses of photovoltaics are nearly
limitless. Being a source of energy that has no chemical by-product, it is perfect when creating a device that is built
with preserving a green planet in mind. As solar cell efficiency continues to grow, and the price of older panels
begins to diminish, it will be interesting to see how the technology can be implemented in even everyday life.
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Appendix
Solar Flux at sea level = 1,000 W/m^2 16
From Swiss guys Assuming Solar Cell Efficiency ~18%
Total Energy available per 1m^2 is 1.0kW/m^2 x 0.18 = 0.18 kW/m^2

12V Solar Cell (Panel #1) 17:
Weight: 4.7lbs per array
Size: 24x11x1 inches
24inches x (2.54cm/1inch) = 60.96cm = 0.6096m
11inches x (2.54cm/1inch) = 27.94cm = 0.2794m
1inch x (2.54cm/inch) = 2.54cm = 0.0254m
Total Surface Area = 0.6096m x 0.2794m = 0.1703m^2
Would require a total of 6 Cells for 1m^2 of surface area
Total Weight per 1m^2 = 6x4.7lbs = 28.2 lbs

6V Solar Cell (Panel #2) 18:
No weight given
Size: 125x63x3.4 mm
0.125m x 0.063m x 0.0034m
Total Surface Area = 0.125m x 0.063m = 0.007875m^2
Would require a total of 127 solar cells of this size for 1m^2
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6V Solar Cell (Panel #3) 19:
Weight: 0.02lbs
Size: 4.9in x 5.9in
4.9in x (2.54cm/1in) x (1m/100cm) = 0.1245m
5.9in x (2.54cm/1in) x (1m/100cm) = 0.1499m
Total Surface area = 0.1245m x 0.1499m = 0.0187m^2
Would Require 54 cells for 1m^2
Total Weight per 1m^2 = 0.02lbs x 54cells = 1.08lbs

6V Solar Cell (Panel #4) 20:
Weight: 0.239 ounces
Size: 3.75” x 2.5”
3.75in(2.54cm/1in)(1m/100cm) = 0.09525m
2.5in(2.54cm/1in)(1m/100cm) = 0.0635m
Total Surface Area = 0.09525m x 0.0635m = 0.00605m^2
Would require a total of 166 solar cells for 1m^2
Total Weight per 1m^2 = 166 solar cells x 0.239 ounces = 39.674 ounces x (0.0625lbs/1ounce) = 2.48lbs

12V Solar Cell (Panel #5) 21:
Weight: 6lbs
Size: 420mm x 420mm
= 0.42m x 0.42m = 0.1764m^2
Would require a total of 6 cells for 1m^2
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Total Weight per 1m^2 = 6 cells x 6lbs = 36lbs

12V Solar Cell (Panel #6) 22:
Weight: 5.2 lbs
Size: 850mm x 400mm
= 0.85m x 0.4m = 0.34m^2
Would require a total of 3 cells for 1m^2
Total Weight per 1m^2 = 15.6 lbs

14 Watt Solar Cell (Panel #7) 23:
Weight: 17oz x 0.0625pounds/1oz = 1.0625 pounds
Size: 12” x 57”
12in x 2.54cm/in x 1m/100cm = 0.3048m
57in x 2.54cm/in x 1m/100cm = 1.4478m
Total Area = 0.3048m x 1.4478m = 0.44m^2
Requires 3 with a lot of excess to cover 1m^2
Total weight per 1m^2 = 3.1875 pounds
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EXPERIMENTAL CALCULATIONS:
USING KYOCERA KC50T SOLAR PANEL24
Calculated Maximum Power: 74W
At Max Power: Voltage = 13.5 Volts
At Max Power: Current = 5.8 Amps
Total Area: 639mm x 652mm = 0.4166m^2
Total Possible Power to be captured: 0.4166m^2 x 1,000W/m^2 = 416.6 W
Efficiency: 74W/416.6W x 100% = 18%

For Size of aircraft:
0.356m^2/0.4166m^2 = 0.855
Maximum Power for wing: 0.855 x 74W = 66.69W
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Flying Wing Dimensions:

Subtracted triangular area = ½ (24” x 9”) = 108 in^2
Total Subtracted triangular area = 2 x (108 in^2) = 216 in^2
Total Rectangular area = 48” x 15” = 720 in^2
Rect A. – Tri A. = (720 – 216) in^2 = 504 in^2
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504 in^2 x (1ft^2 / 144in^2) = 3.5 ft^2
3.5 ft^2 x (1yd^2/9ft^2) = 0.3888888888 yd^2
0.389 yd^2 x (1m^2/1.094yd^2) = 0.356 m^2
Rough total surface area of the wing is 0.356 m^2

Actual Panel Efficiencies:
Panel #117: 6cells x 17.5V x 1.17A = 122.85W/m^2
(122.85W/m^2)/(1,000 W/m^2) = 0.12285 -> 12.3% Efficient

Panel #218: 127cells x 6V x 0.167A = 127.254W/m^2
(127.254W/m^2)/(1,000 W/m^2) = 0.127254 -> 12.7% Efficient

Panel #319: 54cells x 6V x 0.1A = 32.4W/m^2
(32.4W/m^2)/(1,000 W/m^2) = 0.0324 -> 3.2% Efficient

Panel #420: 166cells x 6V x 0.05A = 49.8W/m^2
(49.8W/m^2)/(1,000 W/m^2) = 0.0498 -> 4.98% Efficient

Panel #521: 6cells x 17.2V x 1.17A = 120.744W/m^2
(120.744W/m^2)/(1,000 W/m^2) = 0.120744 -> 12.1% Efficient

Panel #622: 3cells x 18V x 1.667A = 90.018W/m^2
(90.018W/m^2)/(1,000 W/m^2) = 0.090018 -> 9.0% Efficient

Panel #723: 3cells x 14W = 42W/m^2
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(42W/m^2)/(1,000 W/m^2) = 0.042 -> 4.2% Efficient

For Panel #117 it would require 0.356m^2 / 0.1703m^2 = 2.09 panels for the flyer
Roughly 2 panels required costing 2 x $86.95 = $173.90

For Panel #218 it would require 0.356m^2 / 0.007875m^2 = 45.21 panels for the flyer
Roughly 45 panels required costing (They come in packs of 4) 11 x $29.99 = $329.89

For Panel #319 it would require 0.356m^2 / 0.0187m^2 = 19.04 panels for the flyer
Roughly 19 panels required costing 19 x $12.70 = $241.30

For Panel #420 it would require 0.356m^2 / 0.00605m^2 = 58.84 panels for the flyer
Roughly 58 panels required costing 58 x $15.99 = $927.42

For Panel #521 it would require 0.356m^2 / 0.1764m^2 = 2.02 panels for the flyer
Roughly 2 panels required costing 2 x $79.91 = $159.82

For Panel #622 it would require 0.356m^2 / 0.34m^2= 1.05 panels for the flyer
Roughly 1 panels required costing 1 x $154.95 = $154.95

For Panel #723 it would require 0.356m^2 / 0.44m^2 = 0.88 panels for the flyer
Roughly 1 panels required costing 1 x $231.16 = $231.16
Choice between Solar Panels #1 #5 #6 based on cost.
Panel #117 Supplies 20W per panel, require 2 panels = 40W total can be supplied
Panel #521 Supplies 20W per panel, require 2 panels = 40W total can be supplied
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Panel #622 Supplies 30W per panel, require 1 panel = 30W total can be supplied
Choose Panel #521 to use
Weight is negligible for our project, the plane will not be flown.
Solar panels available are much less efficient than our assumption of 18% meaning total power available
is even less than what was originally thought.
.239 oz / 0.00605m^2 x 0.356m^2 x 0.0625lb/1oz x 435.59g/1lb = 398.69g
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According to a thesis on UAV’s performed by the Naval Post-Graduate School, it can be observed that 1,000
W/m2 solar flux reaches the Earth’s surface. This will be used as a worst case value of solar flux for all calculations
to follow. In order to calculate which possible solar panels to be chosen for implementation a series of calculations
were completed to better determine the specifications that would be required to complete the task. First a total
available solar flux has to be assumed before beginning any calculations. Then, the total surface area required to be
covered with solar panels is determined to be the complete surface area of the flyer. By using equation (1) the
Maximum Theoretical Power that can be supplied to the attached motor can be calculated.
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Different possible solar panels were evaluated based upon total cost and efficiency in order to determine which
should be chosen for implementation. For simplicity the mass of the solar panels were determined to be the mass of
the lightest solar panel of the group in order to get a rough estimate. It is difficult to get an actual mass of every
different solar panel because some are housed in metal casings that drastically increase the overall mass of the
product. The total cost of each set of solar panels was determined by calculating first the total surface area of the
chosen flying wing adding the solutions to Eqs. (2) (3) and (4).
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A total triangular area of the wing was determined to be 108 square inches. The total rectangular area was
calculated to be 720 square inches. Therefore, the total area of the wing was found to be 504 square inches, or 0.356
square meters. By using the total area the flying wing has available the total number of solar panels that would be
required to cover the surface was calculated by using Eqs. (5) and (6).
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The total area of the solar panel is incredibly variable and can be anywhere from a few square inches to square
meters in size. Due to the variable nature of the size of each individual solar panel the total number of panels
required to cover the entire surface is also variable. For example the experimental solar array used during testing has
a surface area of 0.4166 square meters, which is more than the available area of the wing. Therefore only 0.855 or
85% of the solar panel can be used to cover the wing (found by dividing total area of wing by total area of solar
panel). After calculating the total required solar panels to cover the flying wing, the total cost of the panels was
determined by using Eq. (7).
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The total cost of the entire solar array of panels is also variable based upon both the cost of each panel, as well
as the total number of panels required to cover the surface. Again, using the experimental solar panels, there would
be a total cost of $251 which is the cost of one single solar panel which would then need to be carefully cut in order
to fit the wing. Any solar panels that lie completely out of the available budget are then immediately thrown out.
The actual efficiencies of the possible solar panels are then calculated in order to determine based upon cost and
actual efficiency which should be chosen for actual usage. By using Eqs. (8) and (9) the efficiencies can be
determined by using the given specifications available from the manufacturer.
 1 ( - 
 G 2" - 
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The current and voltage of all solar panels is highly variable as well depending on which model is being used.
For the experimental solar panels, the current when rated at maximum power is 5.8 Amperes and 13.3 Volts was
determined for the voltage at maximum power. Therefore, the maximum power generated by the individual solar
panel can be found to be 78.3 Watts. The solar panel’s efficiency was then determined to be 0.18 or 18% efficient at
converting solar energy into electrical energy. The total amount of power that can be provided by the solar array
may be calculated by completing Eq. (10).
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For the experimental solar panel, there is only a single panel operating at 66.69 Watts, therefore it is capable of
supplying a total of 66.69 Watts of power to the electrical circuit.
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